Electrospinning is a versatile technique that enables the development of nanofiber-based biomaterial scaffolds. Scaffolds can be generated that are useful for tissue engineering and regenerative medicine since they mimic the nanoscale properties of certain fibrous components of the native extracellular matrix in tissues. Silk is a natural protein with excellent biocompatibility, remarkable mechanical properties as well as tailorable degradability. Integrating these protein polymer advantages with electrospinning results in scaffolds with combined biochemical, topographical and mechanical cues with versatility for a range of biomaterial, cell and tissue studies and applications. This review covers research related to electrospinning of silk, including process parameters, post treatment of the spun fibers, functionalization of nanofibers, and the potential applications for these material systems in regenerative medicine. Research challenges and future trends are also discussed.
contamination of donor tissue, transplantation technology has encountered severe limitations. Therefore, new technology is needed to reduce this gap in clinical need versus available healthy tissue and organ supplies. Tissue engineering/regenerative medicine has emerged as a new and versatile approach for the repair/regeneration of damage tissue, with the potential to circumvent the limitations of traditional therapies [1] [2] [3] [4] . Tissue engineering represents an interdisciplinary field employing principles and methods of engineering and life sciences. The field is aimed at a fundamental understanding of structure-function relationships in normal and pathological mammalian tissue, as a route to develop novel biological substitutes, which are capable of regenerating tissue functions that would otherwise fail to regenerate spontaneously [4, 5] . Tissue engineering takes many forms, but essentially involves the process of harvesting relevant cells from a patient or donor, expanding or manipulating the cells in vitro, seeding these cells into a three-dimensional (3-D) scaffold and inducing them to proliferate, differentiate and eventually develop into a desired tissue for implantation. In this regard, at least three key factors should be considered for successful tissue regeneration: (i) the cells that will form the tissue, (ii) the scaffold that provides structural and anchoring support to the cells, and (iii) cell-matrix (scaffold) interactions that direct tissue growth [6] . The scaffold serves as a mimic for the native extracellular matrix (ECM) and plays a pivotal role in tissue regeneration by providing temporary support for the cells during the formation of a more natural ECM by the cells. The scaffold also plays a critical role in providing the appropriate chemical, morphological and structural cues to direct the cells towards a targeted functional outcome. Therefore, scaffold design has become one of the central themes in regenerative medicine and a great deal of effort is spent on designing suitable scaffold systems to optimize cell and tissue outcomes.
A great deal of effort has been put into the design of artificial matrices (scaffolds), and the concept has evolved from inert biomaterials serving as structural support for cells, to more complex, dynamic biomaterial environments to direct cells towards desired outcomes in terms of tissue development. The ultimate goal is to enable the host body, particularly the cellular components, to recognize the introduced artificial matrix, and in turn, to regenerate "neo-native" functional tissue. Therefore, a useful approach to design tissue-engineered scaffolds is to mimic the natural ECM [7] . However, there is no guidance as to which characteristics define scaffolds for optimized cell and tissue responses, coupled with the fact that the native ECM in the body is complex, dynamic and tissue specific. Therefore, the characteristics of a scaffold vary according to tissue type.
However, there are several general characteristics considered essential for scaffold design that can serve as a reasonable starting point [8, 9] . The first requirement is that the material should be biocompatible, able to support appropriate cellular activity to optimize tissue regeneration without eliciting undesirable local or systemic responses, such as rejection, inflammation or immune activation, in the host. Secondly, the scaffold should have a porous architecture with high surface area to allow for maximum cell loading and cell-matrix interactions, as well as to improve transport into and out of the matrix for nutrients and oxygen. Moreover, this structure is desirable for locally sequestering and delivering bioactive molecules, and providing space for tissue in-growth. In addition, most tissue engineering applications and tissue regeneration approaches require scaffolds that are fully biodegradable or absorbable. It is useful if the degradation rate of the scaffold matches the rate of tissue regeneration to optimize the transfer of functions from the artificial matrices to native ECM on a time-dependent basis during tissue regeneration. Faster rates of degradation of the scaffold may lead to a loss of tissue integrity and function, while a degradation rate that is too slow can result in barriers to transport or mechanical mismatches such as stress shielding, resulting in long-term failure of the system. Scaffolds should also be mechanically matched to the target tissue, sterilizable without compromising structural or other related properties and for clinical success the production of scaffold must be reproducible, economical and scalable. Collectively, these general rules for scaffold design are focused more at the macroscopic level. In order to realize the active role of artificial scaffolds in regulating the behavior of cells, the interface between the biomaterial and the cells must be examined.
In native tissue, the extracellular matrix is mainly composed of two classes of macromolecules: (i) polysaccharide chains of the class called glycosaminoglycans (GAGs), which are usually found covalently linked to protein in the form of proteoglycans, and (ii) fibrous proteins, including collagens, elastin, fibronectin, and laminin, which have both structural and adhesive functions. The proteoglycan molecules form highly hydrated gels, in which the assembled fibrous proteins are embedded and interact with cells through mechanical as well as chemical signals [10, 11] . For example, fibroblasts can reorganize the collagen they have secreted and compact it into nanoscale fibrils at various sizes and arrangements, which changes the architecture of the tissue. On the other hand, extracellular signals, such as organization of the matrix protein, can regulate the organization of the cytoskeleton of cells, thus influencing cell spreading. The diameter of these structural ECM proteins (50 to 500 nm) is about 1-2 orders of magnitude smaller than the cells, which is critical for cells in order to be able to recognize the architecture of the ECM and define its three dimensional (3D) orientation [12, 13] . This feature may be important for artificial scaffold designs that use nanoscale structures.
Nanotechnology, specifically nanofibers, for a more suitable format of artificial matrices for tissue engineering applications, has become an important direction to consider in the field based on the above structural features of the native ECM. Conventional polymer fiber processing techniques usually produce fibers tens of microns in diameter, which are several orders of magnitude larger than those in the native ECM. With progress in nanotechnology, nanofibers to more adequately simulate ECM geometry can be produced by self-assembly, phase separation and electrospinning [14] [15] [16] [17] . Self-assembly generally generates nanofibers 5-8 nm in diameter, at the small end of the natural ECM scale. However, the complexity and low productivity of this technique limits its application as tissue engineered scaffolds [15] . Further, these matrices tend to be relatively soft or nonstructured in comparison to the other processing options. Unlike self-assembly, phase separation is a simple technique that does not require specialized equipment, and generates fibers with diameters from 50-500 nm, similar to natural collagen fibers in ECM. However, this method is effective with only a selected number of polymers and not feasible for scale-up [14] . Electrospinning is a unique nanofiber approach that has attracted attention as it is simple, inexpensive and can be scaled-up. Moreover, a diverse set of polymers can be used to produce fibers from a few micrometers down to the tens of nanometers in diameter by adjusting process parameters [18] . Thus scaffolds with desired geometries and properties can be manipulated by selecting suitable material/composite components along with processing parameters.
Silk-based biomaterials have demonstrated excellent biocompatibility in different material formats for various tissue regenerations [19] [20] [21] . Moreover, the unique structural assembly of this protein endows it with remarkable mechanical properties when compared with other commonly used biopolymer-based biomaterials [22] . The degradation rate can be tailored from months to years after implanting in vivo, based on processing procedures employed during material formation [23] . Finally, the thermal stability of silk biomaterials allow processing over a wide range of temperatures up to about 250°C, as evidenced by the ability to autoclave silk material systems without loss of functional integrity [24] [25] [26] .
In this review, a brief overview is provided for the potential for using silk proteins with electrospinning for tissue regeneration. The parameters relevant to the electrospinning process of silk proteins are described, along with various tissue-specific regeneration applications. Research challenges and future trends are also addressed.
Electrospinning silk proteins

Evolution and principle of electrospinning
The process of 'electrospinning', previously known as 'electrostatic spinning', was first investigated by Zeleny in 1914, and was found to be a feasible technique for spinning small-diameter polymer fibers [27] . However, technical difficulties related to fiber formation impeded development until 1934, when Formhals was issued the first US patent for the process of spinning synthetic fibers and an apparatus used in this procedure [28] . In this patent, cellulose acetate dissolved in acetone/alcohol solution was spun into fibers which were gathered on a movable collector. Following the initial patent, the process of developing nanofibers from a wide range of polymers using the electrospinning technique has ensued [29] [30] [31] [32] [33] [34] .
After this preliminary success, the focus of electrospinning turned to advancing the understanding of the mechanisms of the fiber formation. In 1969, Taylor published his work regarding the jet forming process [35] , in which for the first time he described the phenomena of Taylor cone, which develops from the pendant droplet when the electrostatic forces are balanced by surface tension. In this study, Taylor also observed the emission of a fiber jet from the apex of the cone, which explained the generation of fibers with significantly smaller diameters compared to the spinneret. Shortly after the discovery of the Taylor cone, interest in the field shifted to a more thorough understanding of the relationship between electrospinning processing/solution parameters and the structural characteristics of the resulting fibers. In 1971, Baumgarten studied the effects of solution and processing parameters on the structure of electrospun fibers using a polyacrylonitrile/dimethylformamide (PAN/DMF) solution. He discovered a positive relationship between fiber diameter and solution viscosity [33] . Concurrently, other researchers began to examine the potential of electrospun fibrous matrices for other applications. In 1978, Annis and Bornat evaluated the feasibility of electrospun polyurethane mats as vascular prostheses [36] . By 1985, Fisher and Annis had assessed the long-term in vivo performance of electrospun arterial prostheses. However, little work has been done to follow up on these earlier efforts [37] .
Electrospinning regained attention in the 1990s partly due to interest in nanotechnology, as the process allowed easy fabrication of fibers with nanoscale diameters from various polymers [38] . Revival of the electrospinning technique was marked by an increase in publications on the subject after 1998 [38] . To date, more than 50 different polymers have been successfully electrospun into ultrafine fibers. In the early 1990s, non-degradable polymers, such as polyamides [39] , polyurethanes [40] , polyesters [41] and a wide range of vinyl polymers [42] were often employed for applications such as which are mostly used for novel filtration devices [43] , efficient catalysts, nanoelectronic devices or protective military clothing [42] . Many synthetic biodegradable and natural polymers, as listed in Table 1 , have been tested for nanofiber fabrication as electrospinning entered the field of biomedical applications. These polymers have been heavily tested, especially for use in tissue engineering and drug delivery applications [42] .
It has been almost 100 years since the discovery of the electrospinning process for generation of polymer fibers. However, little of the process has changed since Formhals described it in his first patent. A typical electrospinning setup consists of three components: a high voltage supplier, a capillary needle or pipette, and a grounded collector ( Fig. 1 ). During electrospinning, an electric potential is applied to a pendent droplet of polymer solution suspended from a needle or pipette, usually delivered with a syringe pump or by gravitational force [44, 45] . Repulsive forces produced by like charges in the solution as well as the attractive forces between the liquid and the collector work together to exert tensile forces on the solution. Surface tension and viscoelastic forces of the polymer solution retain the hemispherical shape of the suspended droplet, while the electric force pulls the droplet away from the capillary [46] . As the applied voltage is increased beyond a critical value, where the electrostatic forces balance out the surface tension of the droplet at the tip of the capillary, the development of the Taylor cone occurs. As a result, a fiber jet ejects from the apex of the cone and accelerates towards the grounded collector [47] . Two different models were proposed to explain the nanofiber drawing process: single filament elongation or splitting of a fiber into several smaller fibers [48] . Many investigators supporting the single fiber theory reported that the fiber jet undergoes a chaotic whipping and bending trajectory while accelerating towards the collector due to repulsive interactions among like charges in the polymer jet [49, 50] . This process aids in fiber thinning and solvent evaporation by increasing the transit time and path length to the collector. Doshi and Reneker hypothesized the occurrence of a different model involving the splitting of a fiber jet caused by the increase in charge repulsion during elongation [51] . However, recent studies have imaged the unstable zone of fiber jet with the aid of highspeed photography. These studies revealed that a whipping instability leads the single fiber to bend and turn rapidly, thereby resulting in the incorrect notion of fiber splitting [52, 53] . With recent technical developments and a better understanding of the process, continuous fibers with diameters ranging from nanometers to a few micrometers have been generated by using a diversity of materials in various fibrous assemblies. Moreover, the simplicity of the setup makes the process highly attractive to both academia and industry [54] . In the basic process of electrospinning, a number of factors have been found to affect fiber formation and structure [18, 38] .
Process parameters for silk electrospinning
Factors that significantly affect the process of electrospinning have been widely investigated on a great number of polymers [55] [56] [57] [58] , and are summarized into three main categories:
(i) Substrate and solution related parameters, such as the chemistry, molecular weight and molecular weight distribution of the polymer, the rheological properties of the solution (concentration, viscosity, elasticity, conductivity, surface tension); (ii) Process related parameters, such as hydrostatic pressure in the capillary tube, applied electrical potential, flow rate of the solution and distance from tip to collector; (iii) Environment related parameters, such as temperature, humidity and air velocity in the electrospinning chamber.
An optimal combination of these electrospinning parameters should establish conditions to generate fibers with narrow variations in diameter and absence of beads.
Substrate-related parameters
The relationship between polymer concentration and fiber diameter has been discussed in many studies [59] [60] [61] [62] [63] [64] . Generally, increasing the concentration of a polymer solution results in increased fiber diameter and decreased in bead formation, though the applicable ranges vary depending on the solvent system, average molecular weight and molecular weight distribution of the polymers used [65] [66] [67] .
Polymer concentration and molecular weight collectively determine the 'spinnability' of the solution through effects on solution viscosity and surface tension [18] . If the solution is too dilute, the fiber will break into microsize droplets before reaching the collector as a result of varicose jet instability and the phenomenon of "electrospray" will be observed instead of "electrospinning". Electrospray is also observed when a polymer solution with low molecular weight is used. However, if the solution is too concentrated, it will be difficult for the polymer solution to flow through the capillary due to high viscosity, therefore no fiber will form. Ohgo et al. demonstrated the relationship between fiber characteristics and silk electrospinning solution in hexafluoroacetone (HFA) from different sources [68] . The concentration of silk in solution had a significant effect on nanofiber diameter. Continuous fibers were obtained only when a Bombyx mori silk (silkworm silk, domesticated source of silk fiber for the textile industry) solution higher than 2% (w/v) concentration was used. Fibers with the smallest mean diameter and narrowest distribution were observed from silk solution of 3% (w/v), compared to those from 5 and 7% (w/v) solutions ( Fig. 2 ). When Samia Cynthia ricini silk and genetically engineered hybrid silk proteins were employed, the optimum conditions for fiber formation were found to be 10 and 12% solutions, respectively. This reveals the effect of silk sources on electrospinning processing parameters.
A similar effect of silk concentration on fiber formation was also observed when different solvent or aqueous systems were employed. However, the threshold of silk solution concentration versus spinnability varied significantly. Jeong et al. studied the effects of solvents (hexafluoroisopropanol (HFIP), formic acid) on diameter and secondary structure of the B. mori silk nanofibers [69] . They found the mean diameter of the electrospun nanofibers, composed of silk fibroin dissolved in formic acid, were smaller (80 nm) than those from (HFIP) (380 nm). This difference was due to the faster evaporation rate of HFIP than formic acid, which led to the formation of thicker fibers with less elongation. Faster evaporation of HFIP also led to a lower proportion of β-sheet in the nanofibers, based on Infrared (IR) and 13 C solid-state cross polarization (CP)/magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. Higher solvent volatility increased fiber porosity in other polymer system, but this has not been observed in electrospun silk fibroin nanofibers.
Wang et al. electrospun silk fibroin using an aqueous solution from B. mori, solving the potential concerns of chemical residuals from solvents [70, 71] . Concentrated silk aqueous solution was needed in order to increase the solution spinnability. Fibers did not form when the aqueous silk solution at 17% (w/v) was used, while at 28% (w/v), silk fibers with diameters from 400 to 800 nm were observed, with circular cross-sections and smooth exterior surfaces. However, when the silk solution at 39% (w/v) was used, uneven and ribbon-shaped silk fibers were observed, likely due to the slow water evaporation from fiber surface before the fibers reached the collector (Fig. 3A) . The rheological behavior of aqueous silk solutions was correlated to fiber morphology (Fig. 3B ). The results revealed that silk solutions with viscosity lower than 40 mPa s did not provide sufficient molecular chain entanglements in solution to prevent the breakup of the electrically driven jet and led to electrospray. Jin et al. demonstrated the possibility of using a lower concentration of aqueous silk fibroin solution for electrospinning by blending with as little as 12% (w/w) poly(ethylene oxide) (PEO) [72] . From this blend, nanofibers with comparable diameters to a pure aqueous silk system were generated (approximately 750 nm), but more homogenous fiber diameters were observed with circular rather than ribbon-shaped cross-sections.
Electrospinning was employed as a technique to help with understanding the spinning process of native silk fibers by silkworms and spiders. The effects of solution pH on electrospun fiber morphology and properties was investigated, since a decrease in pH of the silk dope from 6.9 to 4.8 was observed during the native flow from the posterior division to the anterior division of a silkworm gland [73] [74] [75] . The results indicated that reduction of solution pH caused a decrease in the concentration of aqueous silk fibroin solutions that could be electrospun. Moreover, the average diameter and diameter distributions of the electrospun silk fibers became smaller and narrower due to the decrease in spinnable solution concentration. With the combined reduction in pH and concentration, the morphology of the electrospun silk fibers changed from ribbon-like to a uniform cylinder. An average diameter of 265 nm was obtained from 25% (w/v) silk fibroin solution at pH of 4.8. However, when electrospinning was performed using silk fibroin solution at pH 6.9, mimicking the posterior division of silkworm gland, only a solution greater than 33% (w/v) was capable of forming fibers. An average diameter of 850 nm was obtained under these conditions, which is smaller than native silk fibers (~15 μm).
Like most natural polymers, silk fibroin solution is regenerated from natural sources, such as silkworm cocoons and spider fibers. Thus, the molecular weight and molecular weight distribution can vary due to the differences in source and processing methods. However, most of the studies related to silk fibroin electrospinning have not considered the molecular weight and molecular weight distribution as factors in the process, and the relationship between molecular weight and the minimum spinnable solution concentration is undefined. The extent of polymer chain cleavage is determined by variables in the silk regeneration process, such as the strength and concentration of degummed chemicals, boiling time, and silk fiber dissolvation temperature and time. A summary of silk fibroin sources, process methods and electrospinning parameters can be found in Table 2 .
Process-related parameters
Among the electrospinning process parameters examined, the applied electric potential had an effect on electrospinning in terms of fiber jet formation, bead defects and fiber diameter [61, 76, 77] . For example, fiber jets were induced when an electric field of 4 kV/cm was used to spin B. mori silk solution (8%, w/v) in formic acid, while fibers were not able to form when a lower electric field of 3 kV/cm was used [78] . This suggests that increased electrostatic forces can overcome solution surface tension and further extract silk fibroin chains. However, the tendency of the fiber jet to contract into droplets resulted in bead defects along the fiber extensions due to insufficient entanglement between silk macromolecules. Similarly, increased interactions between silk fibroin macromolecules were induced when increased electric potential was applied to a 17% (w/v) aqueous silk fibroin solution [70] . An increased electric field also resulted in less round and more ribbon-shaped fibers due to reduced time for water evaporation.
The effect of electric potential on fiber diameters was demonstrated in a variety of polymer systems. Generally, an increase in voltage results in an initial decrease followed by an increase in fiber diameter, while no significant effects were found when the increase of voltage was above a certain level [18] . Fiber diameter dependence on electric potential was observed in electrospinning of silk fibroin solutions (as shown in Fig. 4A ) and in multiple solvents (HFA and formic acid) and aqueous systems [68, 70, 78] . Meechaisue et al. investigated the influence of voltage on electrospun fiber diameter using 40% (w/v) silk fibroin solutions regenerated from two distinct silkworm cocoons (indigenous Thai silkworms (Nang-Lai) and Chinese/Japanese hybrid silkworms (DOAE-7)) [79] . The results indicated that when the electric field was increased from 10 to 20 kV/cm the average diameter of electrospun fibers from DOAE-7 silk increased from 480 to 810 nm, while those from Nang-Lai silk increased from 440 to 610 nm. The increased fiber diameters resulting from the increased electrostatic fields were attributed to an increase in mass throughput with an increased electric force.
The flow rate of polymer solution, determined by the gravity or use of a pump, can also affect the size and shape of electrospun fibers [49, 80, 81] . The feed rate directly impacts the volume of solution suspended at the tip of the spinneret, which influences the shape of the Taylor cone. The maintenance of the cone shape at the tip of the capillary is important to obtain a continuous fiber jet [35] . Megelski et al. examined the effect of flow rate on the structure of electrospun polystyrene fibers in tetrahydrofuran (THF) solution [42] . Increases in fiber diameter, pore size, bead defects, and ribbon-shaped fiber formation have been demonstrated in response to increased flow rate. No systematic study involving the effect of flow rate on electrospun fiber characteristics has been conducted, though the general rule for other polymers should be applicable to silk fibroin protein. Generally, flow rates in the range of 1-4 mL/h have been used for silk fibroin electrospinning in various solvent/water systems. The optimal conditions can be achieved by controlling the shape of the Taylor cone without excess solution dripping.
The distance between the capillary tip and the collector can also influence the fiber diameter and morphology, however to a lesser extent than other process factors, such as electric potential and flow rate. It has been found that a minimum distance is required for fibers to have sufficient time to dry before reaching the collector. Otherwise, 'electrospray' will occur instead of 'electrospinning'. Bead formation was observed at distances that were either too close or too far from capillary tip to collector [82, 83] . The spinning of 9% (w/v) regenerated B. mori silk solution at an electric field of 3 kV/cm was carried out at three different distances (5, 7 and 10 cm), and reduced fiber diameters were observed with increased distance [78] . Sukigara et al. [84] also observed an increase in fiber diameter in response to decreased spinning distance from 7 to 5 cm during spinning a silk solution at concentrations of 10-18% (w/v). However, when a higher concentration (20% w/v) was employed at less than 4 kV/cm, a decrease in fiber diameter was observed. This reflects the dependence of the relationship between spinning distance and diameter on solution concentration and electric field (Fig. 4B ).
On the basis of experimental studies, mathematical models were also used to determine the relationship between electrospinning parameters (silk fibroin concentration, electric field and spinning distance) and fiber diameters, predicting the optimal conditions for electrospinning of silk fibroins [78, 84] . Sukigara et al. initially employed 'two-way analysis' to study the influence of electric field and spinning distance on electrospun fiber diameter from B. mori silkworm [78] . However, no significant difference in fiber diameter was found when spinning of 15% (w/v) silk fibroin solution at a spinning distance between 7 and 10 cm in a fixed electric field. An exponential relationship between silk concentration and fiber diameter was observed regardless of the electric field applied in the range of 2-4 kV/cm. Following this preliminary work, an alternate mathematical method, response surface methodology (RSM), was employed to model the process conditions and establish a quantitative basis for the relationships between electrospinning parameters and the resulting fiber diameter [84] . Since RSM takes the combined effects of several parameters into account and uses statistical methods to fit an empirical model to the experimental data, the important parameters can be represented in a simple and systematic way and to predict the results of experiments with different parameter combinations. Two second-order equations were fit for the natural logarithmic fiber diameter using RSM at spinning distances at 5 and 7 cm. The results indicated that fiber diameter was more responsive to electric field variations at low concentrations and that lower silk fibroin concentrations result in smaller fiber diameters.
Also, fiber diameter decreased as the electric field increased, as observed from contour plots for both 5-and 7-cm spinning distances at a fixed silk concentration. Similar to the experimental results, mathematical results also supported the concentration-dependent effects of spinning distance on fiber diameter. Therefore, response surface methodology provides a more comprehensive prediction tool than two-way analysis for identifying the processing window suitable for producing nanoscale fibers.
In summary, the effects of substrate-and process-related parameters on fiber jet formation and the resulting electrospun fiber characteristics, such as diameter, cross-section and bead defects are complex and inter-related. In particular, the effects of solution properties can be difficult to isolate since varying one parameter will change others. Additionally, the dominant effects among these parameters can shift from one to another depending on the specific parameter combinations. Recent advances in experimental studies have elucidated some of the connections between electrospinning factors (applied electric field, spinning distance and solution properties) and fiber properties, as summarized in Table 2 . However, limited information is still insufficient for future process prediction and control due to the assortment of combinations. Mathematical modeling may be a useful tool for separating variable interactions and determining co-dependencies.
Post treatment
The major conformations of electrospun silk fibroin nanofibers are random coil, α-helix (silk I) and β-sheet (silk II) [85] . The crystallization (conversion of random coil and helices into the stable β-sheet conformation) can be induced by physical (thermal) [86] or chemical (e.g., methanol) [87] treatments. Matrix treatments using organic solvents such as methanol are highly effective and the most common option for crystallization [88, 89] . Kim et al. investigated the efficiency of using 50% (v/v) aqueous methanol solution to treat electrospun silk fibroin with varied times (10 to 60 min) at room temperature [90] . A strong β-sheet characteristic peak was found from methanol-treated electrospun silk nanofibers by frustrated total internal reflection (FTIR), X-ray diffractometry and solid-state 13 C NMR, irrespective of treatment time. The results indicated that the conformational transition of the unmodified silk fibroin nanofibers to crystalline structure was rapid and almost completed within 10 min. Additionally, the porosity of silk nonwoven matrices decreased from 76.1% to 68.1% after methanol treatment for 60min and the corresponding total pore volume decreased from 2.017 to 1.395 mL/g. This indicates fiber shrinkage caused by the methanol treatment, an expected result from the dehydration effects of this solvent. Methanol-treated silk fibroin matrices are often brittle due to their high crystalline content. An alternate method, water-based annealing, has been tested for its effectiveness for preparing water-stable silk fibroin matrices [91, 92] . Min et al. reported the differences of electrospun silk fibroin matrices after treatment with either aqueous methanol solution (50%) or water vapor with varied treatment times [93] . Similar weight losses at about 15% (w/w) were found for both treatment methods, while the non-treated silk fibroin matrices lost about 35% (w/w). However, a longer time was required for water vapor treatment at low temperature (at least 1 h) versus methanol treatment (b10 min) in order to complete the conformational transition. Both treatments led to significant increases in yield stress, elongation at break and tensile modulus for electrospun silk nanofibers compared to non-treated samples. However, water vapor treatment yielded different mechanical properties compared to methanol treatment. Methanol-treatment provided the higher yield stress and tensile modulus, while water-vapor treatment provided better elastic properties. These differences were attributed to the lower β-sheet content in water-vapor-treated silk nanofibers (47%) compared to that in methanol-treated nanofibers (74%). Water vapor annealing also improved the biocompatibility of electrospun silk matrices versus methanol treatment, with enhanced adhesion and spreading of human keratinocytes and fibroblasts.
In addition to the above two common methods for silk fibroin crystallization, the efficiency of solvent (ethanol, methanol and propanol) vapors in inducing conformational transitions of silk nanofibrous matrices was compared to that of water vapor treatment with time [94] . Based on IR spectra, the area ratios of silk II and silk I structures (A II /A I ) in the amide I region of silk fibroin nanofibers were used to compare the structural changes caused by different solvent vapors at 35°C. The conformational transition induced by the various solvent vapors reached equilibrium in approximately 30 min, and the degree of transition from silk I to silk II (A II /A I ) was strongly dependent on the solvent used, with methanol N water N ethanol N propanol (Fig. 5A) . The conformational transitions induced by water vapor were also affected by temperature. Increasing temperatures increased β-sheet content at a low temperature range (25-45°C) or reduce the time to reach transition equilibrium at a high temperature range (45-55°C) ( Fig. 5B) .
Thus, methanol solution/vapor and water vapor are the most effective treatments for the crystallization of electrospun silk matrices, although the selection of post-treatment methods should consider the matrix properties for specific applications. 
Composite nanofibers
Composite materials are often desirable in order to achieve combined properties from the constituent materials. Composite electrospun nanofibrous matrices can be obtained by either spinning polymer blends using a single needle or a side-by-side configuration (Fig. 6A) . The side-by-side configuration is very useful when the polymers of interest are not soluble in a common solvent [95] . Park et al. successfully electrospun a series of chitin/silk fibroin mixtures at different ratios under the same processing conditions [96] . The average diameters of chitin/silk fibroin blend fibers were found to decrease from 920 to 340 nm with increased chitin content ranging from 25% to 75% (w/w). The authors attributed the gradual decrease in fiber diameter with increased chitin concentration to the increase in solution conductivity due to the higher polarity of chitin. Moreover, the hydrophilicity of the chitin/silk blend nanofibers after water vapor treatment was improved by increasing the chitin fraction. Recently, Yoo et al. electrospun chitin/silk 'hybrid matrices' at different weight ratios using a side-by-side configuration [97] . Higher water uptake was demonstrated for chitin/silk blend matrices, compared to chitin/ silk hybrid matrices of equal compositions. Furthermore, enhanced attachment and spreading of human epidermal keratinocytes was observed on chitin/silk blend matrices compared to hybrid matrices. This may have been caused by the variation in hydrophilicity of chitin/ silk fibroin biocomposite matrices. Collagen/silk fibroin blend solutions in HFIP were electrospun into fibers, but no significant difference was found in average diameters regardless of the mixing ratio. Diameters ranged from 320 to 360 nm, with a relatively uniform distribution [98] .
A coaxial nozzle configuration has also been used for electrospinning, which allows for simultaneous coaxial spinning of two different polymer solutions, leading to a core-shell morphology of fibers (Fig. 6B ). Wang et al. successfully encapsulated a silk fibroin core fiber within a poly(ethylene oxide) (PEO) shell fiber [99] . The influence of process parameters, such as flow rates, on the fiber morphology was explored by varying the combinations of outer (shell) and inner (core) fluid flow rates in the range of 0.01 to 0.05 mL/min and 0.001 to 0.008 mL/min. The results indicated that increased inner or outer flow rates led to increases in corresponding fiber diameters. However, the shell diameter changed only slightly when the inner fluid (silk fibroin) flow rate was increased 5-fold. The inner flow rate is critical: either too low or too high of a flow rate will cause problems for silk fibroin encapsulation. When the rate is too low, no continuous silk fiber can form due to an insufficient supply of solution to form the core. When the inner fluid flow rate is too high, the silk solution cannot be entrained within the PEO solution, causing spraying to occur. The results indicated that a uniform, continuous silk fibroin (core)/PEO (shell) fiber can be obtained with the ratio of outer and inner flow rates in the range of 6:1 to 10:1. Also, the ratio of the crosssectional area of the outer fiber to that of the inner fiber increased linearly with the increase of the flow rate ratio within this range. After water vapor treatment, PEO was extracted in water and solid, crystallized silk fibers with diameter as small as 170 nm were obtained. Thus, a coaxial nozzle configuration of electrospinning is valuable for generating of small diameter fibers with minor variation due to the constriction of shell fiber. In addition, this configuration is effective for generating fibers from individually unspinnable polymers.
Composite electrospun nanofibers have been generated using different spinning configurations and provide diverse properties in terms of mechanical behavior and cell responses. However, further exploration of the process of composite nanofiber generation is needed in order to better understand the underlying mechanisms.
Three-dimensional (3-D) electrospun silk scaffolds
Electrospinning usually produces nonwoven sheets with a 2-D profile because of the required relatively low polymer solution ejection rate. Theoretically, 3-D nonwoven fibrous meshes can be obtained if the electrospinnng time is increased. However, the ability to continuously accumulate polymer fibers into a 3-D construct is hindered by the reduced conductivity of the collector during fiber accumulation. Ki et al. have successfully developed a sponge-like 3D nanofibrous matrix using a modified electrospinning method [100] . In this method, a coagulation bath filled with methanol was used as a collector instead of traditional flat or drum collector. A porogen, NaCl particles of 300-500 μm, was added to the electrospun silk fibroin nanofiber dispersion. After salt leaching, dual-porosity silk nanofibrous scaffolds were generated. The scaffolds exhibited a 3-D structure with nano-sized pores at the interstices of the entangled fibers and micro-sized (586-931 μm) pores formed by the salt particles (Fig. 7) . The advantages of 3-D silk fibroin nanofibrous scaffolds for cell attachment and proliferation was also demonstrated when compared to 2-D silk fibroin electrospun sheets.
Functionalized electrospun silk matrices
To date, unfunctionalized electrospun matrices have been employed for tissue engineering applications. Current technological advances in electrospinning have enabled the development of 'functionalized' nanofibrous matrices able to release combinations of molecules including antibiotics, proteins, small molecules, and DNA. Drug loading is typically achieved through three methods [101] : (i) pre-spinning embedding bioactive agents in nanofibrous matrices by mixing with polymer solutions; (ii) post-electrospinning covalently conjugating or coating nanofibrous matrices with bioactive agents; or (iii) encapsulating bioactive agents in the core of fibers with coreshell structure through coaxial electrospinning.
Functionalized electrospun matrices have been developed and used as drug carriers and cell-culture scaffolds. As drug carriers, functionalized matrices improve therapeutic efficacy and safety through local delivery [102] . When employed for cell culture or tissue regeneration, functionalized matrices with drug release properties offer improved biocompatibility and can induce specific biological responses, ranging from decreased inflammation to increased cellular proliferation, migration, and differentiation. The electrospinning process provides flexibility in material selection, bioactive agent loading and delivery. Both biodegradable and non-biodegradable materials can be used for drug delivery and release may occur through diffusion alone or simultaneous diffusion and scaffold degradation.
Silk electrospun matrices have been functionalized with bioactive agents to improve drug activity and cellular responses. Lee et al. immobilized α-chymotrypsin (CT) on silk fibroin electrospun nanofibers with amino group pre-activation by glutaraldehyde [103] . A significant increase in enzyme loading efficiency was observed with electrospun nanofibers from 8% (w/w) silk fibroin solution (SF8) (56.6 μg/mg), compared with silk fibroin microfibers (8.05 μg/mg) or cellulose fibers (1.8 μg/mg). The activity of immobilized CT on SF8 was almost 8 times greater than that on silk microfibers, due to the increased content of immobilized enzyme on SF8 and a superior microenvironment for enzyme stability. This could be attributed to a reduced surface area to volume ratio found in fibers with increased diameter resulting from higher silk concentrations. When the enzyme activity of immobilized CT on nanofibers constructed from varying silk concentrations were compared, a decreased amount of enzyme was observed on nanofibers electrospun from higher silk concentrations, but a significant difference was only observed between SF8 and SF11 (silk fibers from 11% w/w solutions). The loss of enzyme activity on SF11 was attributed to its multipoint attachment to the matrix, which restricted the conformational change and decreased the activity of enzyme, despite increasing stability. Immobilized CT on SF8 also exhibited significantly higher thermal stability compared to enzyme on SF11 or free CT, and retained more than 90% of its initial activity after 24 h at 25°C. Significant improvement of enzyme stability in ethanol was also observed for immobilized CT on silk fibers compared to free CT. For example, 45% of initial enzyme activity on SF11 was retained after one-hour ethanol exposure compared to only 5% in free CT.
Li et al. incorporated bone morphogenetic protein-2 (BMP-2) into silk fibroin nanofibers by directly mixing into the spinning solution [104] . BMP-2 encapsulated in the silk fibroin matrices increased calcium deposition and decreased the proliferation of human bone marrow-derived mesenchymal stem cells (hMSCs), when compared with unfunctionalized silk fibroin matrices (control). Moreover, the BMP-2 resulted in enhanced expression of bone-specific markers at transcript levels compared to controls, indicating that electrospun silk nanofibrous matrices are an efficient delivery system for BMP-2. Improved bone formation, as indicated by increased calcium deposition and BMP-2 transcript expression, were also observed when nanoparticles of hydroxyapatite (nHAP) were incorporated into the silk electrospun matrices (Fig. 8 ). Furthermore, the coencapsulation of BMP-2 and nHAP in the electrospun silk fibroin matrices demonstrated greater bone formation when compared to singular component encapsulation or controls. Thus, mild aqueous process for silk fibroin electrospinning preserved the activity of BMP-2 and was a practical option for bioactive agent delivery, such as labile cytokines and morphogens.
Silver nanoparticles were incorporated on the surface of silk electrospun matrices to develop antimicrobial wound dressings [105] . Matrices with average fiber diameter of 460 nm were electrospun from an aqueous B. mori fibroin solution. Silver nanoparticles were incorporated by dipping the silk matrices into an aqueous silver nitrate (AgNO 3 ) solution followed by photoreduction. Binding of silver nanoparticles on the silk nanofibers was confirmed with field emission scanning and transmission electron microscopies. The interaction between silver nanoparticles and the amide groups in silk was confirmed by X-ray photoelectron spectroscopy.
In addition to biological functionalization, electric property modifications have also been examined in silk electrospun matrices multiwall carbon nanotubes (MWCNTs) [106] . Absorption of MWCNTs was carried out by dipping silk matrices into a MWCNT dispersion bath for 60 s, followed by rinsing in deionized water and drying under vacuum conditions. Triton X-100 surfactant was employed to disperse the purified MWCNTs to avoid aggregation, and dense absorption of MWCNTs was observed by scanning electron microscopy ( Fig. 9) . A significant amount of MWCNTs remained on the surface of nanofibers even after sonication, indicating the tight binding between MWCNTs and silk nanofibers. The electrical conductivity of the MWCNT-absorbed silk matrices increased to 2.4 × 10 − 4 S/cm at room tempera-ture, while that of pure silk was 4.4 × 10 − 15 S/cm. The electrical conductivity remained constant regardless of extended dip-coating time (over 60 s), confirming the high absorption rate of MWCNTs on the surface of silk fibers. This high absorption rate was due to the interaction between the oxidized groups of MWCNTs and the peptide groups of silk fibroin molecules.
Silk electrospun matrices can be functionalized in a number of ways utilizing drugs, enzymes, growth factors, compounds, and conductive materials. Future research involving electrospun fiber functionalization lies in combining biological assays with chemical characterization to assess cellular responses. Also, a full understanding of delivery mechanisms involved with these matrices would be valuable to improve matrix designs, increase safety and efficiency of drug release, and provide a more tunable, controllable delivery system.
Tissue engineering application
Cells in human tissues and organs deposit their extracellular matrix in the form of nanoscale fibers, despite variation in chemical composition and mechanical characteristics. Blood vessels, skin, cartilage and bone are all characterized by well-organized hierarchical fibrous structure but with tissue/organ-specific arrangements [107] . However, this organ-dependent diversity has been understudied for fibrous matrices applied to tissue engineering. Still, a number of natural and synthetic biomaterials have been successfully electrospun and may eventually prove useful in addressing diverse requirements, such as mechanical properties and structural arrangements. These materials have been spun into nano-and submicron-fibers and their potential for different tissue regeneration applications are being examined [108] [109] [110] [111] [112] [113] [114] [115] [116] . Natural polymers are often preferred due to their enhanced biocompatibility and biofunctional motifs [117] . Their similarity to native ECM components, such as collagen, hyaluronic acid and elastin, provide advantages through chemical signaling. Collagen is the most commonly used natural material due to its prevalence in the ECM of diverse tissue types. However, in vitro collagen does not provide sufficient mechanical strength and degradation is too rapid, limiting applicability for tissue regeneration. Mechanical weakness and accelerated degradation are also concerns for other natural biomaterials, including hyaluronic acid, gelatin and alginate.
Silk fibroin biomaterial in various formats has shown good biocompatibility, slow and controllable degradability, and minimal inflammatory response [21, 23, 118, 119] . Furthermore, the excellent mechanical properties of silk fibroin make it a unique natural polymer. Silk fibroin matrices in the form of electrospun nanofibers have demonstrated potential in various tissue regeneration/repair applications.
Vascular grafts
Over the last 50 years, many attempts have been made to develop small-diameter blood vessels due to increased demands for vessel transplants, but almost of these approaches all have encountered failure. Greatly reduced graft patency was observed when cell-free synthetic prostheses were utilized for small diameter arteries, such as coronary and infragenicular vessels [120] [121] [122] [123] . Attention to tissue engineered vascular grafts has increased due to the inclusion of vascular cells. Electrospun silk matrices have potential as vascular graft matrices due to their ability to support the attachment, proliferation and differentiation of vascular cells and resist shear stress and pressure from simulated blood flow.
Bondar and colleagues have investigated endothelial cell (EC) responses to nano-and micro-scale silk fibers in terms of cell mor-phology, proliferation, formation of intercellular contact, and expression of adhesion molecules [124] . Fully developed intercellular contact between ECs on the nano-and micrometric matrices was detected by identifying platelet/endothelial cell adhesion molecule-1 (PECAM-1) and vascular endothelial cadherin (VE-cadherin) protein expression using immunocytochemistry. The mRNA transcript levels of these adhesion molecules revealed no significant differences between micro-and nanofibrous scaffolds. Also, interactions between ECs and silk matrices were investigated through the expression of specific transmembrane receptor molecules such as integrins. The results of real-time PCR revealed significant upregulation of integrin-β1 in ECs grown on nanofibrous compared to microfibrous scaffolds. In addition, the formation of new focal adhesions (FAs) and polarization at the leading edge indicated a stronger migratory state of ECs on nanofibrous rather than microfibrous matrices. The authors attributed this to increased integrin expression, which may activate signal transduction to increase FAs, cell attachment, polarization and hence migration.
Soffer et al. [125] successfully electrospun silk into tubular structures with an inner diameter of~3 mm and an average wall thickness of 0.15 mm (Fig. 10A ). An average ultimate tensile strength (UTS) of 2.42 ± 0.48 MPa and a linear modulus of 2.45 ± 0.47 MPa were obtained. These results were comparable to those from a previous study of silk electrospun mats by Ayutsede et al. [85] . The average burst strength of the tubular scaffolds was 811 mmHg (Fig. 10B) , which is greater than values from graft scaffolds prepared with collagen (71 mmHg) or other commonly used natural biomaterials [126] . However, further development is needed to reach the gold standard of the saphenous vein whose burst strength is 1800 mmHg [127] .
Following Soffer's work, the evaluation of the biological potential of these electrospun silk matrices for vascular tissue engineering was determined [21] . The proliferation, metabolic viability, morphology and phenotype of human aortic endothelial cells (HAECs) and human coronary artery smooth muscle cells (HCASMCs) on 2-D electrospun silk matrices were examined. Good retention of vascular cells was demonstrated; cell numbers remained high for HCASMCs over 36 days and HAECs over 14 days in culture with high seeding density. The maximum metabolic activity of HCASMCs and HAECs was observed around days 10 and 14, respectively. HCASMCs transformed from a stellate morphology and random orientation to a spindle shape with parallel alignment by day 5, and enhanced elongation was exhibited on day 10. Morphological change of HAECs was also observed with the formation of a short cord-like structure on day 4, and a complex interconnecting network of capillary tubes with lumens from day 7 to 14 (Fig. 10C) . The phenotypes of both vascular cell types were further assessed using phenotype-specific protein markers. Positive staining of smooth muscle α-actin (SM-actin) and smooth muscle myosin heavy chain 2 (SM-MHC2) for HCASMCs, as well as CD146, VEcadherin and PECAM-1 for HAECs was identified. Furthermore, expression of the major ECM components of vessel walls (collagen I and elastin) was demonstrated at both protein and transcript levels for HCASMCs, indicating the SMC functionality on electrospun silk matrices. Thus, the potential of electrospun silk scaffolds for vascular tissue engineering application was demonstrated for both biological and mechanical needs. Future work with silk electrospun small-diameter vascular grafts will need to focus on co-cultures of endothelial and smooth muscle cells in a tubular, perfusion environment to more closely mimic the in vivo environment.
Skin tissue
Skin plays a crucial role in protecting the human body against the environment, dehydration, and infectious agents. Skin cells located in two main layers: a keratinized, stratified epidermis and an underlying thick layer of collagen-rich dermal connective tissue. Loss of large portions of skin integrity from burns, wounds, or disease may result in significant disability or even death. However, skin replacement has been a challenging task for surgeons because of transplant limitations. Tissue-engineered skins provide an option to treat skin loss in many different forms: autologous and allogenic keratinocyte grafts, accellular biological matrices and cellular matrices including biological substances [128] .
Min and colleagues carried out a series of studies to investigate the potential of silk electrospun matrices for accelerating early stages wound healing [129] [130] [131] . The adhesion and spreading of normal human keratinocytes and fibroblasts on methanol-treated silk fibroin nanofibers alone or precoated with ECM proteins (collagen type I, fibronectin and laminin) was evaluated. For keratinocytes, but not fibroblasts, coating with collagen I promoted cell adhesion and spreading. Laminin coating stimulated cell spreading, but not cell attachment. Cell adhesion and spreading on fibronectin-coated silk matrices was found comparable to that on BSA-coated matrices [129] . In wound healing studies with electrospun silk nanofibers, microfibers, and films [130] , nanofibrous matrices promoted human oral keratinocyte adhesion and spreading, especially when a collagen type I coating was included. The authors attributed the results to the higher surface porosity and surface area-to-volume ratio of nanofibers, which formed a higher surface area for cell attachment. Fibroblast spreading was significantly improved when silk matrices were treated with water vapor rather than methanol [131] . Thus, electrospun silk nanofibrous matrices treated with water vapor followed by collagen I coating was the best candidate for a skin tissue template or wound dressing.
In another study, chitin was blended with silk fibroin to fabricate composite fibrous scaffolds for skin tissue engineering, due to the wound healing effects of chitin [132] . The chitin/silk fibroin blends at varied ratios were electrospun into nanofibrous matrices and evaluated for initial cell attachment and spreading [133] . Increased adhesion of keratinocytes was observed on chitin/silk blend matrices compared to pure chitin matrices, although there was no difference for fibroblasts. Chitin/silk blend nanofibrous matrices containing 75% chitin and 25% silk fibroin (75%/25%) gave the greatest cell spreading for keratinocytes and fibroblasts. Yoo et al. fabricated chitin/silk hybrid matrices at various blend ratios using side-by-side electrospinning and compared these to chitin/silk blend matrices for keratinocyte adhesion and spreading [134] . Chitin/silk blend matrices (75%/25%) demonstrated higher support for adhesion and spreading than all chitin/silk hybrid matrices, thus demonstrating the strong potential of blend matrices as skin regeneration substitutes (Fig. 11 ).
Yeo et al. investigated the potential of collagen/silk blend electrospun matrices for skin tissue engineering [98] . Surprisingly, pure collagen and pure silk fibroin matrices exhibited better results in terms of human keratinocyte attachment and spreading than collagen/silk blend or hybrid matrices irrespective of the mixing ratios. On the other hand, all matrices had similar effects on human fibroblast attachment and spreading. When collagen/silk hybrid matrices and collagen/silk blend matrices with equal component ratios were compared, hybrid matrices consistently supported better cell attachment and spreading.
Bone
Bone tissue is a specialized form of connective tissue, which is composed of calcified extracellular matrix and bone cells including osteoprogenitor, osteoblasts, osteocytes and osteoclasts. The bone matrix consists of organic matrix (mostly type I collagen) and inorganic matrix (carbonated hydroxyapatite) [135] . There are many approaches to bone tissue engineering, and the most common strategies are incorporation of calcium phosphate or growth factors into or on a scaffold and seeding and differentiating bone marrow stromal cells (MSCs) or osteoblast-like cells [136] . The engineered bone is often assessed for its compressive strength, toughness, appropriate cell composition and matrix deposition.
For bone tissue engineering application, Jin et al. [137] demonstrated the potential of electrospun silk matrices to support MSC attachment, proliferation and ECM deposition, observing improved cell attachment for PEO-extracted matrices compared to non-extracted matrices. However, no difference was observed in cell proliferation. With mouse osteoblast-like cells (MC3T3-E1), Meechaisue et al. also demonstrated the potential of electrospun silk matrices for bone applications [79] .
The MC3T3-E1 cells were also used for bone regeneration studies with silk electrospun matrices. Kim et al. [138] found significantly increased osteocalcin protein content in cell culture medium on day 14 compared to days 1 and 7. When compared with tissue culture plastic, silk nanofibrous matrices showed comparable cellular response in terms of alkaline phosphatase (ALPase) activity and mineralization (calcium phosphate deposition). To study silk matrices capacity for guided bone growth, silk matrices were implanted into 8mm-diameter full-thickness calvarial defects in adult male New Zealand White rabbits. Results showed significantly improved new bone formation at the defect area with silk grafts compared to sham surgery control groups. Moreover, complete defect closure was observed in grafted animals while only partial bone repair on the periphery of the defect was observed for control groups (Fig. 12) . Additionally, in the grafted group osteocyte-like cells appeared inside the new bone and multinucleated cells were absent from the surrounding tissue.
In another study, 3-D silk matrices prepared by a modified electrospinning technique were fabricated and used for bone generation with MC3T3-E1 cells [100] . Significantly improved cell spreading and proliferation were observed on 3-D silk matrices compared to 2-D matrices. Enhanced cell adhesion through integrin-mediated engagement on 3-D scaffolds was confirmed with increased phosphorylation of paxillin Tyr118, FAK Tyr397, and c-Src Tyr416. The higher porosity of 3-D matrices was attributed to the improved cell adhesion and spreading.
Using electrospinning, growth factors can be easily incorporated into fibers to enhance their ability in bone formation. Li et al. successfully encapsulated BMP-2 and nanoparticles of hydroxyapatite (nHAP) into silk electrospun matrices alone or in combination. These functionalized silk matrices were seeded with hMSCs and assessed for bone formation [104] . BMP-2 incorporated matrices demonstrated increased calcium deposition, apatite crystallinity and transcript levels of bone-specific markers compared to matrices without BMP-2. The highest calcium deposition and BMP-2 transcript level were observed for fibers containing both BMP-2 and nHAP, indicating that these matrices were efficient at delivering BMP-2 and nHAP, and the mild aqueous process preserved the bioactivity of incorporated biomolecules (Fig. 13 ).
Cartilage
Cartilage, another type of dense connective tissue, contains chondrocytes sparsely incorporated in non-vascularized, non-innervated ECM. The ECM is composed of abundant ground substance rich in proteoglycans and strengthened by collagen or sometimes elastin fibers depending on cartilage type [139] . Cartilage is found in many areas in the body, including the rib cage, ear, intervertebral discs and articular surfaces between bones. It provides structure and support to the body's tissues without the rigidity of bone, and provides cushioning in joints. Cartilage defects usually result from aging, joint injury and developmental disorders, which often cause joint pain and loss of mobility. In cartilage ECM, cells are supported solely by nutrient and gas through diffusion and this combined with low cell density provides cartilage limited capacity of self-repair [140] .
Electrospun silk matrices with microwave-induced argon plasma treatment have been demonstrated as a potential candidate for cartilage repair [141] . Plasma treatment significantly increased attachment and proliferation of neonatal human knee articular chondrocytes. Moreover, glycosaminoglycan (GAG) synthesis was significantly elevated on plasma-treated silk matrices within one day after cell seeding. However, no difference was observed after one week of cell culture, suggesting that plasma treatment is only effective in the early stages of culture.
Electrospun silk matrices have demonstrated potential as tissue engineering scaffolds for vascular graft, skin, bone and cartilage applications. Applying these matrices for other tissue applications should also be promising due to the unique properties of silk fibroin biomaterial.
Future prospects
With the evolution of scaffold design for tissue engineering, electrospinning has attracted interest due to its ability to produce nanofibrous scaffolds mimicking certain fibrous structures of native ECM. Electrospinning is the simplest and most effective method for fabrication of continuous nanofibers. A variety of biodegradable polymers have been successfully electrospun into nano-to microfibers, with accelerated research into novel processing and material options in the last two decades. Yet many challenges still exist in the electrospinning process and a number of fundamental questions remain unanswered.
Extensive studies have been performed to elucidate the factors that affect electrospinning and relationships between these factors and the resulting fiber characteristics. However, it is still difficult to predict the outcome from an electrospinning process due to the complex and interrelated effects from various parameters. For example, polymer solution viscosity combines multiple effects from chemical interactions, molecular weight and solution concentration, and is an important factor in determining solution spinnability. Yet this parameter still cannot be used as a universal parameter to predict spinnability between polymers. This suggests the existence of other factors that affect spinnability that are not reflected in viscosity. Hence, a dimensionless parameter or formula used for determining the spinnability of polymer solutions in an electrospinning process is still needed.
A second challenge in electrospinning is obtaining nanofibers with uniform diameter and without bead defects. The limited understanding of bead formation and the uncertainty of process control remain an issue. A unique challenge for naturally derived biomaterials (including silk fibroin) is maintaining batch-to-batch consistency due to the variation of material source as well as material processing. So far, most of the electrospun fibers proposed for tissue engineering are obtained from synthetic biomaterials; thus more effort is needed to explore the potential of natural-origin polymers for the reasons stated earlier.
Although many studies have been performed to understand the process of electrospinning, little is known regarding polymer chain conformational changes during the electrospinning process. Solvents and polymer chemical formula are expected to have a crucial role in defining conformational changes. A related systematic study of these parameters would improve predictability and reproducibility of spun fiber products. Additionally, functionalized electrospun fibers have demonstrated to improve cellular responses, but little is known concerning the influence of the electrospinning process on drug loading and release. Further exploration of research on these aspects is necessary to be able to control the process of drug loading and delivery.
Many different electrospun polymeric scaffolds, including silk, have been tested with diverse cell types, but most research thus far is still restricted to preliminary, qualitative analyses of biocompatibility in vitro, with only a few studies executed in vivo. More in vivo studies are needed, as are more quantitative evaluations of cellular function resulting from topographical cues provided by nanofiberous scaffolds. Long-term evaluation of modified or un-modified nanofibrous scaffolds in vivo will become critical in the field.
